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Limit states
Four limit states are selected for the reliability anal ysis:
• two ultimate limit state ( ULS ): collapse limit states (using yield line analysis) and shear failure limit state, • two serviceability limit states ( SLS ): crack width limit state and deflection limit state.
1. Collapse (yield line) limit swte
The following safety margin is used
where Z 1 is a model uncertainty variable, ED is the energy dissipated in yield lines, and WD is the work done by the applied loads.
The plastic collapse analysis and estimation of the load are performed using the COBRAS program 6 The reliability analysis (element and system) is done using RELIABOI 7 and RELIAB02x . The RELIAB and COBRAS programs have been interfaced and an optimisation algorithm has been included to determine the optima l yield line pattern for each iteration of the reliability analysis, see also Thoft-1004 Christensen' 1 . The estimation of the deterioration of the steel reinforcement is based on the program CORROSION 111 • Cobras supports 16 different types of failure mode, 7 are used in this bridge slab analysis (see Figure I) . The basic variables used in the yield line ULS are: thickness of slab, c ube strength of concrete, density of concrete, depth of reinforcement, yield strength of reinforcement. and two load parameters.
Shear failure limit state
Shear failure is modelled using a model applicable to reinforced concrete beams 11 , which may be written as (2) where V; is the shear force from external loads, z~ is a mode l uncertainty variable, V;.u 1 , is the ultimate shear strength , vc is the design shear stress. and g, is th e depth factor defined as, where h is the width of the beam and d is the depth of the beam
The stochastic variables used in the shear limit state are: thickness of slab, cover on reinforcement, concrete cube strength, yield stress of reinforcement, initial area of the reinforcement, density of concrete, static load factor, dynamic load factor, model uncertainty variable, and variables related to the chloride induced corrosion.
Crack width limit state
Cracking shall be limited to a level that will not impair the proper functioning of the structure or cause its appearance to be unacceptable. The design crack width may be obtained from 1 c (4) where wk is the design crack width, s..,, is the average final spacing, E"" is the mean strain allowing, under the relevant combination of loads, for the effects of tension stiffening, shrinkage, etc., and {3 is a coefficient relating the average crack width to the design value. The value of E"" may be calculated from J (5) where rr, is the stress in the reinforcement calculated on the basis of a cracked section. er,, is the stress in the reinforcement calculated on the basis of a cracked section under the loading conditions causing first cracking. {3 1 is a coefficient which takes account of the bond properties of the bars .
The average final crack spacing (in mm) for members subjected dominantly to flexure or tension can be calculated from the equation (6) where c/J is the bar size in use (or the average bar size). p, is the effective reinforcement ratio, AJ A" ert> where A, is the area of reinforcement contained within the effective tension area, Ac.err· k 1 is a coefficient which takes account of the bond properties of the bar. kc is a coefficient which takes account of the strain distribution .
The crack width limit state can then be formulated by (7) where Z" is a model uncertainty stochastic variable. The stochastic variables used in the crack SLS are: concrete cover, distance between reinforcement bars, diameter of reinforcement bars, thickness of slab, elastic modulus of reinforcement bars, tensile strength of concrete, external bending moment, and one model uncertainty variable .
De.fiection limit swte
The following deflection limit state is used
. , is the maximum allowable deflection, d~ is the deflection estimated by linear elastic analysis, and .z" is a model uncertainty variable .
Deterioration
Corrosion initiation period refers to the time during which the passivation of steel is destroyed and the reinforcement starts to corrode actively. Practical experience of bridges in wetter countries shows that chloride ingress is far bigger a problem that carbonation. The rate of chloride penetration into concrete, as a function of depth from the concrete surface and time, can be represented by Fick's law of diffusion as follows:
where C is the chloride ion concentration, as % of the weight of cement, at distance x cm from the concrete surface after 1 s of exposure to the chloride source. De is the chloride diffusion coefficient expressed in cmc/s. The solution of the differential equation ( 8) is ( 10) where C 11 is the equilibrium chloride concentration on the concrete surface, as % of the weight of cement, x is the distance from the concrete surface in cm, 1 is the time in s, erf is the error function, De is the diffusion coefficient in cmc/s and C(x,/) is the chloride concentration at any position x at time 1. In a real structure, if C.,.(x,/) is assumed to be the chloride corrosion threshold and xis the thickness of concrete cover, then the corrosion initiation period, T" can be calculated based on a knowledge of the parameters C 11 and De. The time T 1 to initiation of reinforcement corrosion is ~(c·~ c")) c c" ( 11) where C, is the initial chloride concentration, C.,. is the critical chloride concentration at which corrosion starts, and d 1 -D 1 /2 is the concrete cover. When corrosion has started then the diameter D 1 (1) of the reinforcement bars at time 1 is modelled by ( 12) where fJ 1 is the initial diameter, c . .,, is a corrosion coefficient, and i, . .,, is the rate of corrosion.
Based on a survey, three models for chloride penetration are proposed (the initial chloride concentration is assumed to be zero) : low deterioration, medium deterioration and high deterioration. The deterioration parameters for these three levels are ( N( a,h) is a normal distribution with the mean a and the standard deviation h, Uniform[a,h 1 is a uniform distribution in the interval r a;h ]): 
Medium:
Diffusion coefficient De: N(30 .0, 2.5) I mm"/year] Chloride consentration, surface C 11 : N< 0.650, 0 . 03~ J 1%1 Corrosion density i'"''": Uniform)l.5, 2.51 I mA/cm" 1.
High:
Diffusion coefficient n, -: 
Reliability profiles assessment: P. Thoft-Christensen

Service life time
In Thoft-Christensen' the service life time is defined as the initiation time TI> see equation (I I ) for corrosion of the reinforcement. This is a rational definition from a life-cycle cost of view since repair of corroded reinforced elements is a major contributor to the life-cycle cost. lt is relatively inexpensive to repair a structural element by replacing some part of the concrete instead of waiting until corrosion has taken place .
On basis of equation ( I I ) The simulated values are plotted on Weibull probability paper in Figure 3 . In the same figure is shown that a Weibull distribution can be used to approximate the distribution of the simulated data. Figure 3 
The straight line in
Reliability profiles
This example is used to illustrate the proposed methodology . The example is based on an existing U.K. bridge. but some limitations and simplifieations arc made. The bridge was buil t in 1975 and was designed for 45 units H B load. The bridge has a span of 9.75 rn, the width is 2 times 13 .71 m, and the slab thiekness is 550 mm (see Figure 5 ). Hased on the corrosion data shown in Tahle I the expected Figure 6 ).
Reliability profiles for the yield line limit state (ULS) are as an illustration calculated on the basis of the stochastic modelling shown in Table I. applied. The load effects produced by the Eurocode model (lane and axle load) are multiplied by a static load factor (extreme type I ) and a dynamic load factor (normal).
The general traffic highway load model in the Eurocode I. Part 3 ( ENY 1991 -3 : 1995 for lane and axle load is
The normalised reliability profile for the yield line ULS (full width failure) and the corresponding probability of failure profile are shown in Figure 7 . The reliability index at time t = 0 is /3 0 = 11.5. Due to the size of the concrete 
cover (mean value 60 mm) the deterioration does not have any effect until year 70. 
